ABSTRACT This paper applies time modulation to deal with the design of dual-band antenna arrays in a circular geometry using a micro-strip-fed slot antenna as an element in the frequencies of 2.4 and 5.5 GHz. The motivation for this paper is to exploit the properties and advantages of time-modulated arrays in a dual-band scenario considering a circular geometry. This design considers the optimization of the time switched sequences of the antenna elements in the circular geometry for both operation frequencies. The design process to find the optimal switch-ON intervals of the circular array is carried out by means of the method of differential evolution and particle swarm optimization. The main contribution to the field of this paper is the dual-band performance evaluation of circular antenna arrays considering time modulation and measurements of the antenna element pattern. The performance evaluation and the results and discussion are achieved in terms of the radiation pattern with the measured antenna element, sidelobe level, sideband levels, switching times, and efficiency.
I. INTRODUCTION
Recently, time-modulated arrays (TMAAs) have been designed for many applications [1] : retro-directive antennas to save the cost of RF front-end in communication systems, to generate different modes of orbital angular momentum (OAM), large-scale heterogeneous arrays and wideband transmit beam-forming. Additionally, TMAAs have been applied in secure communication [2] and multi-beamforming [3] , among others.
Time-modulated antenna arrays are one of the most popular 4D antenna arrays [2] - [5] . As compared to traditional antenna arrays, TMAAs add more design freedom degrees using the time to excite the array elements [4] . It has been shown that TMAAs are a good candidate for the synthesis of low and ultralow side lobes without complicating the hardware complexity [5] .
The TMAAs consist of simple on-off switching of antenna elements in a predetermined sequence [6] and with the rapid development of high performance switch the The associate editor coordinating the review of this manuscript and approving it for publication was Kwok L. Chung.
TMAAs technology has made enormous progress in recent years [7] . The design problem of TMAAs consists of finding the time switched sequences of the antenna elements that satisfy a set of given design specifications.
In the previous work the time switched sequences have been found by using different optimization techniques such as evolutionary optimization [8] - [19] and iterative convex optimization [20] , among others.
In the case of evolutionary optimization techniques an approach to realize uniform amplitude time modulated linear arrays with both suppressed side-lobes and sidebands was proposed in [8] . The approach presented in [8] utilizes the direct optimization of the ''switch-on'' time sequence of each array element via the simple genetic algorithm (SGA). One novel approach based on the differential evolution (DE) algorithm was proposed in [9] to suppress the sideband radiation patterns in time modulated linear antenna arrays. It was found in [9] that the sideband level of a time modulated linear array can be reduced significantly by rearranging the static excitation amplitudes as well as the switch-on time intervals of each element.
Furthermore, an approach for the synthesis of timemodulated linear antenna arrays was presented in [10] . A technique based on a particle swarm optimization was proposed in [10] to fully exploit the dependence of the sideband radiations on the shift of the time pulses. A novel hybrid algorithm based on artificial bee colony (ABC) algorithm and differential evolution (DE) algorithm called ABC-DE was proposed in [11] to inherit their advantages and overcome their drawbacks. ABC-DE was applied in [11] to study different types of TMAAs pattern synthesis problems, including the synthesis of low equal-ripple side lobe level pattern, deep null level pattern, multiple-beams patterns and satellite footprint pattern.
In addition to, an array thinning procedure was introduced in [12] for non-uniform amplitude time-modulated linear arrays. The differential evolution algorithm was used for both thinning and time modulation of the given array to suppress the side lobes and sidebands with fewer elements so as to achieve desired far-field radiation pattern. The array was thinned by using continuous weighting optimization. In [13] , a 9-ring time-modulated concentric circular antenna array with isotropic elements was studied based on an evolutionary optimization algorithm called cat swarm optimization (CSO) [14] for the reduction of side lobe level and improvement in the directivity, simultaneously. The results showed a SLL reduction with respect to the uniformly excited case.
The document presented in [15] proposed an improved variant of an ecologically inspired meta-heuristic, wellknown as Invasive Weed Optimization (IWO) [16] , to solve the real parameter optimization problem related to the design of time modulated linear antenna arrays with ultra low SLL, side band level and main lobe beam width.
The time modulation was utilized in [7] for the synthesis of power patterns in linear arrays. The differential evolution algorithm was employed both to shape the beam requirements and to suppress the sideband patterns. The numerical results showed that the time-modulated linear array can be successfully used to synthesize power patterns and the excitation dynamic-range ratio can be reduced significantly as compared to those of the conventional arrays.
In the case of multi-objective evolutionary algorithms, an approach based on objective decomposition (MOEA/D) was proposed in [17] with differential evolution operator and objective normalization technique for the time modulated array synthesis. The effectiveness of the method was demonstrated by comparing its performance with results obtained by a single objective differential evolution algorithm and simulated annealing technique. Furthermore, a multi-objective optimization framework was proposed in [18] for the design of time-modulated linear antenna arrays with ultra low maximum SLL, maximum side band level SBL and main lobe beam width between the first nulls BWFN. The algorithm MOEA/D-DE [18] was used to determine the best compromise among these three objectives. Furthermore, a multiobjective approach based on the third evolution step of generalized differential evolution (GDE3) algorithm was proposed in [19] for optimizing a time-modulated concentric circular ring array. The multi-objective algorithm treats the SLL and the SBL as two distinct objectives that are to be optimized simultaneously.
An iterative convex optimization algorithm was proposed in [20] for efficient pattern synthesis in 4D linear antenna arrays. The 4D linear antenna array was separated into two dependent conventional arrays with identical array structure, whose far-field patterns correspond to the patterns at the center frequency and the sidebands, respectively. Convex optimization was firstly used to synthesize a pencil beam at the center frequency, and iterative convex optimization algorithm was then applied to suppress the sideband radiation.
The architecture of TMA based in sub-arrays was proposed in [21] which may take advantage of the small size of millimeter wave antennas. This sub-TMA-based architecture accomplishes a multiple-beam analog beam-forming while offering high levels of both efficiency and flexibility. In [22] , the use of switches having a non-null transition between the on and off state was taken into account and the impact on the radiation features was studied and verified through a set of numerical results also in comparative fashion with ordinary rectangular pulses. In [23] , the synthesis of simultaneous multi-beams through time-modulated linear arrays was studied. The periodic on-off sequences controlling the static excitations were defined by means of an optimization strategy based on the Particle Swarm algorithm to afford desired multiple patterns at harmonic frequencies to make practical application of these harmonic beams.
There is a vast previous work dealing with time modulated antenna arrays considering different design strategies. However, the application of time modulation to design dual-band antenna arrays has been rather scarce a few related results can be found in the literature (see [24] ). The beam steering was analyzed in [24] considering a two-element time modulated antenna array (TMAA) of printed dipoles with microstrip via-hole balun. An array was proposed in [24] that resonates at the Industrial, Scientific, and Medical (ISM) radio bands, 2.45GHz and 5.8GHz, and offers wide bandwidth inherited due to modified structure of ground plane.
Therefore, the motivation for this paper is to exploit the properties and advantages of time-modulated arrays in a dual-band scenario considering a circular geometry. This paper applies time modulation to deal with the design of dual-band antenna arrays in a circular geometry using a micro-strip-fed dual band slot antenna as element in the frequencies of 2.4 GHz and 5.5 GHz. This design considers the optimization of the time switched sequences of the antenna elements in a circular geometry for both operation frequencies. The design process to find the optimal switchon intervals of the circular array is carried out by means of the method of Differential Evolution [25] and Particle Swarm Optimization [10] .
The main contribution to the field of this paper is the dualband performance evaluation of circular antenna arrays considering time modulation and measurements of the antenna element pattern. The performance evaluation is achieved in terms of the SLL, SBLs, switching times and efficiency. The SBLs are added to the calculation of the optimization process in order to handle the unwanted harmonics or side bands at multiples of the switching frequency [13] , [15] , [16] . Results and discussion are provided considering the radiation pattern with measured antenna element, SLL, SBLs and switching times.
II. PROBLEM STATEMENT A. FORMULATION OF CIRCULAR ANTENNA ARRAY
Consider a circular array formed by N micro-strip-fed dual band slot antennas uniformly positioned over the plane xy, as shown in the Figure 1 . The radiation pattern is obtained by the multiplication principle between the array factor and the element pattern g(θ , ϕ) as [4] :
where
The terms θ and ϕare the elevation and azimuth angles respectively. The N represents the total number of antenna elements. Additionally, the angle ø n = 2π (n − 1)/N represents the angular position of the element n. Moreover, the spacing among the antenna elements on the ring (of radius r) is obtained by s = 2π r/N . The wave number is k = 2π/λ. As shown in Equation 1, the excitation current amplitude is considered as uniform.
B. FORMULATION OF THE TMAAs IN THE CIRCULAR GEOMETRY
Each element is controlled by a high-speed radio frequency (RF) switch with time sequence. Therefore, the radiation pattern considering time modulation is expressed as [26] , [27] :
The w and w 0 are the angular frequency of the RF signal and sidebands respectively. The T 0 is period of the periodic function of time switching w n . The t n is the time when the antenna n is turned on in each period. The m represents the number of sideband. Additionally, the term a m n is the Fourier coefficient of the m sideband for the element n, and t is the time variable. The feed network efficiency of the array can be defined as follows [11] : Figure 2 shows the configuration of the proposed antenna element, which consists of a dual-band rectangular slot antenna that works at 2.4GHz and 5.5 GHz. The dimensions of the antenna element are:
It was used a FR4 board with dielectric constant of ε = 4.3 and tangential loss of δ = 0.025. It is worthy to note that the antenna element was fabricated considering the design specifications previously mentioned and the design rules analyzed in [28] . The antenna element was simulated in CST [29] and measured in the RFx EMSCAN equipment [30] . The Figure 3 shows the reflection coefficient and the radiation pattern of the antenna element which it resonates at 2.4GHz and 5.5 GHz. As shown in this figure, the antenna element operates perfectly in 2.4 GHz and 5.5 GHz with adequate radiation characteristics. Please, note that the calculation of the radiation pattern for the circular array will be given by the multiplication of the array factor and the measured element pattern (Equation 1).
The optimizing variables for the objective function of are the switching time sequences of the antenna elements in the circular geometry for both operation frequencies (f 1 = 2.4 GHz and f 2 = 5.5GHz). Therefore, the objective VOLUME 7, 2019 function is given by:
where W is a weighting factor. In this case, more weight (or importance level) will be given for reducing SLL.
C. OPTIMIZATION PROCESS
In this work, the optimization process is carried out by Differential Evolution and Particle Swarm Optimization. This is due to their effectiveness solving antenna array design [31] - [33] by its easiness of implementation. As commented previously, the optimization variables are the switching time sequences of the antenna elements in the circular geometry for both operation frequencies. These variables are coded in real numbers vectors in the feasible solution space. The main characteristics of the algorithms are described in the next subsections.
1) DIFFERENTIAL EVOLUTION
The term differential evolution was coined by Price et al. [25] . This optimization technique is similar to GA, because both are stochastic population-based evolutionary algorithms and they follow the standard evolutionary flow, but DE has some significant differences on how mutation and recombination are performed [25] . The flowchart for the DE optimization procedure is shown in Figure 4 . In DE, the initial population is randomly generated. Each member of the population is represented by x i,G , 1, 2, 3 , . . . , NP. Then, for each target vector x i,G , i, a mutant vector is generated according to [25] :
The indexes r 1 , r 2 , r 3 ∈ 1, 2, . . . , NP are different among them (r 1 = r 2 = r 3 ) and also different from index i. NP is the size of the population. F is a real parameter and constant factor ∈ [0, 2], which control the amplification on the differential variation (x r2,G − x r3,G ). Once the mutation stage is performed, the mutant vector undergoes for crossover. The trial vector
is formed according VOLUME 7, 2019 to [25] : Each solution vector is codified by the decision variables, i.e., the time switched sequences of the antenna elements in the circular geometry for both operation frequencies. The fitness evaluation for the radiation pattern of each solution vector follows the consideration given in the equation 8.
To decide whether the trial vector u i,G+1 should be selected for the next generation or not, is compared to the target vector x i,G by greedy criterion. If the trial vector u i,G+1 has got smaller fitness value than x i,G , then x i,G+1 is set to u i,G+1 ; otherwise, the old value of x i,G is retained. This procedure is repeated over and over until the algorithm reaches the maximum number of generations G. Detailed information of the DE procedure can be found in [25] .
2) PARTICLE SWARM OPTIMIZATION
Particle Swarm Optimization simulates a collection of particles that swarm with one another within an O-dimensional space (O is the size of the solution vector). A very simple set of equations is used to implement a flock behavior, which gives the particle some amount of freedom to search the O-dimensional search space, but also some constraints to exhibit flocking behavior by tracking the particle that has the current best performance [34] .
The basic flow of the PSO is shown in Figure 5 [34] . First, population random vectors and velocities are created as the swarm of particles. These particles are randomly placed, and each of them moves in random directions to probe the multi-dimensional surface. Then, the fitness of each particle is evaluated and stored as the current fitness. Moreover, we also keep track of a global best (gbest) particle that has the best overall fitness. In the same way, the best personal position of the particle is stored (pbest). If the algorithm has not yet reached its termination criteria, the velocity and the position of the particles are updated in according to equation 11 and 12, respectively [34] :
where w is the inertial weight, c 1 and c 2 are the acceleration constants, which are used to determine how much influence the global or personal best solution has over the velocity equation; pbest k,d is the kth particle's best known position in a D-dimensional space and gbest d is the kth particle's best known global position of the swarm and r 1 and r 2 are random variables that follow a uniform distribution ∈ [0, 1]. The detailed interpretations of these step terms may be found in [34] and [35] .
III. RESULTS AND DISCUSSION
The methods of DE and PSO were implemented in Matlab to study the behavior of the radiation pattern for the dual-band performance evaluation of circular antenna arrays considering time modulation in terms of the SLL and SBLs. It is studied the behavior of the radiation pattern for N = 8 and 10. The separation between antenna elements in the circular arrays is 0.5λ. We follow the literature and our previous results to set the parameters for the optimization algorithms [29]- [33] .
In the case of PSO we have set c 1 = c 2 = 2.0. The timevarying inertial weight (w) varies from 0.9 at the beginning to 0.4 toward the end of the optimization [34] . For case of DE, the value of F is set to 1.1922 . The stopping criterion is met when a number of iterations G = 500 is reached. The population size is set to NP = 30. In our simulations all cuts of φ in θ = [−90 • , 90 • ] were analyzed, i.e., the optimization is applied to generate a radiation pattern with a minimum SLL in all cuts. the radiation pattern of the circular array using measurements of the micro-strip-fed slot antenna presents characteristics of low values of SLL for both frequencies of 2.4 GHz and 5.5 GHz. To be more illustrative in the SLL performance, it will be shown the radiation pattern in the cuts where the maximum SLL was obtained (SLL max ). Fig. 8 ) shows the cuts of (φ = 118.8
, and in the same way, for 5.5 GHz (Fig. 9 ) in the cuts of (φ = 18
The case of PSO (for 2.4 GHz, Fig. 10 ) illustrates the cuts of (φ = 115.
, and for 5.5 GHz (Fig. 11) The effect of the micro-strip-fed slot antenna can provide the dual band operation, while the switched sequences generated by the DE algorithm provide the SLL and SBL performance for both operation frequencies. Therefore, it is observed that the time modulation can provide SLL and SBL performance considering the dual-band operation in an array of circular geometry using the micro-strip-fed slot as antenna element.
IV. CONCLUSION
This paper has presented how to model the dual-band design of time-modulated arrays considering the optimization of the time switched sequences of the antenna elements in a circular geometry including the measurements of the element pattern of a micro-strip-fed slot antenna in the antenna array performance.
The effect of the antenna element provides dual band operation and the switched sequences found by the DE and PSO algorithms provide the SLL and SBL performance for 2.4 GHz and 5.5 GHz. The results illustrate that the SLL performance is better in the PSO case for both operation frequencies. However, the SBL performance is slightly better for DE for values of N = 8 at 2.4 GHz and at 5.5 GHz.
These results illustrate that the time modulation provides SLL and SBL performance considering the dual-band operation in an array of circular geometry using the micro-strip-fed slot as antenna element.
